There is no specification for Cr requirements in poultry diets [14] , and most poultry diets are basically composed of ingredients of plant origin, which are usually low in Cr [15] . Anderson and Kozlovsky [7] suggested that certain organic Cr sources are utilized more efficiently than inorganic Cr sources. However, few studies have been designed to compare the effectiveness of organic and inorganic sources of Cr on the immune function of broiler chicks. Therefore, the present study was conducted to determine the effects of different doses of Cr-l-Met and CrCl 3 on the immune function of broiler chickens in heat-stressed conditions.
MATERIALS AND METHODS
All procedures used in this experiment were approved by the Animal Care and Ethics Committee of Razi University (Kermanshah, Iran) and complied with the Guidelines for the Care and Use of Animals in Research. Two hundred fifty 1-d-old broiler chicks (Ross 308) were transferred from a local hatchery [16] and used in the study in a completely randomized design. The birds were randomly assigned to 5 treatment groups, with 5 replicates of 10 birds each. An equal number of chicks from both sexes were kept in cages in a 20 × 10 m room, on a 24-h constant lighting schedule. Fresh water was supplied ad libitum, and all birds were provided a corn-soybean meal basal diet. The dietary treatments were supplemented with 0 [control = treatment (T) 1], 800 (T2), or 1,200 (T3) ppb of organic Cr in the form of Cr-l-Met [10% Cr and 90% Met (wt/wt)] [17] or 800 (T4) or 1,200 (T5) ppb of inorganic Cr in the form of chromium chloride (CrCl 3 •6H 2 O, containing 18% Cr) [18] . The broiler house temperature was measured 4 times a day (0600, 1,200, 1800, and 2400 h). The mean daily temperature in the experiment was 33 ± 3°C. The birds were fed the starter diet (20.91% protein, 2,947.5 kcal of ME/kg) until d 10, followed by a grower diet (19.86% protein, 3,027 kcal of ME/kg) from d 10 to 21 and a finishing diet (18.05% protein, 3,118.5 kcal of ME/kg) from d 21 to 42. The ingredients and chemical composition of the starter, grower, and finisher basal diets are shown in Table 1 .
The respective amount of Cr were first blended with 10 g of dicalcium phosphate, and then a larger amount of the basal diet was added until 1 Vitamin premix contains the following in 2.5 kg of feed: vitamin A, 9,000,000 IU; vitamin D 3 , 2,000,000 IU; vitamin E, 18 g; vitamin K 3 , 2 g; thiamine, 1.8 g; riboflavin, 6.6 g; pantothenic acid, 10 g; vitamin B 6 , 3 g; vitamin B 12 , 15 mg; niacin, 30 g; biotin, 100 mg; folic acid, 1 g; choline chloride, 250 g; antioxidant 100 g. 2 Mineral premix contains the following in 2.5 kg of feed: Mn, 100 g; Zn, 100 g; Fe, 50 g; Cu, 10 g; I 1 g; Se, 200 mg. the total amount of the respective diet was homogeneously mixed. The basal diets in mash form were formulated to meet or exceed the breeder's recommendation [19] . Chromium contents were 3.42, 3.95, and 4.23 ppb in the starter, grower, and finishing basal diet, respectively, as measured by an atomic absorption spectrometer with a graphite furnace [20] . The diets and fresh water were provided ad libitum.
All chicks were immunized intramuscularly with a killed vaccine of Newcastle virus at 8 d of age [21] . Live Newcastle disease vaccine [21] was administered orally (drinking water) at 22 d of age. At 18 and 30 d of age, double blood samples (2.5 mL) were collected from the wing vein of 2 birds per replicate. Serum antibody titers against Newcastle virus were determined by hemagglutination inhibition test and were expressed as the logarithm to base 2. We used the same birds for each blood sampling time and tissue sampling. On d 28 and 42, blood samples were collected using heparin as an anticoagulant. Blood smears prepared using GreenwaldGiemsa stain and heterophil-to-lymphocyte (H:L) ratios were based on a total of 100 cells [22] .
Blood samples were separated by centrifugation at 2,500 × g for 15 min at 12 to 15°C after a 1-h incubation at room temperature, and samples were stored at −20°C until analyzed for biochemical parameters. Serum protein fractions were separated by electrophoresis (150 V/25 min) in cellulose polyacetate, and albumin-toglobulin (A:G) ratios were calculated. In addition, serum cortisol was analyzed by RIA with commercial kits [23] . Quantitative ELISA immunoassay kits for the measurement of chicken immunoglobulin (IgG) [24] were used to measure the IgG in serum.
Two chickens from each replicate were slaughtered on d 42, and lymphoid organs (i.e., bursa of Fabricius, thymus, and spleen) were collected, weighed, and expressed as a percentage of BW. Chromium contents of the basal diets were measured using an atomic absorption spectrometer with a graphite furnace [19] . Data were analyzed by ANOVA procedures appropriate for a completely randomized design with SPSS software, version 16 [25] . The differences between groups were determined by ANOVA. When the differences were significant, Duncan's multiple range test was performed [26] .
RESULTS AND DISCUSSION
The effects of Cr supplementation on antibody titer against Newcastle virus, H:L ratios, and A:G ratios are summarized in Table 2 . At 30 d, both 800 and 1,200 ppb of Cr as Cr-l-Met (T2 and T3), but not as CrCl 3 (T4 and T5), significantly increased antibody titers compared with the control treatment (P < 0.01).
We observed responses similar to those reported by Toghyani et al. [10] , Guo et al. [27] , and Lee et al. [28] . Toghyani et al. [10] reported that antibody titers against Newcastle and influenza viruses increased in broiler chickens fed 1,000 and 1,500 ppb of chromium picolinate Means within columns with different superscripts differ (P < 0.05). at 30 d of age in heat-stress conditions. Guo et al. [27] reported that the antibody titer against Newcastle disease was higher in heat-stressed broiler chickens supplemented with 2 or 10 ppm of Cr in the form of either CrCl 3 or yeast. Lee et al. [28] reported that the antibody titer against infectious bronchitis was improved in broiler chicks fed 400 ppb of chromium picolinate. Improved immune responses against virulent antigens were also reported in weanling pigs [29] and calves [30] by using dietary Cr supplementation. Zulkifli et al. [31] reported that antibody production in young broiler chicks was decreased in heat-stress conditions. This reduction could be indirectly due to an increase in inflammatory cytokines under stress, which stimulates the hypothalamic production of corticotrophinreleasing factor [32] . Stressors such as a high environmental temperature induce a cascade of neural and hormonal events, beginning with hypothalamic stimulation and the production of corticotrophin-releasing factor, which stimulates the anterior pituitary to produce adrenocorticotropic hormone, and ending with stimulation of adrenal cortical tissue by adrenocorticotropic hormone to increase the production and release of corticosteroids, primarily corticosterone, in birds [3] . Corticosterone inhibits antibody production [33] . The H:L ratios of the 800 and 1,200 ppb of organic Cr treatments were significantly lower than that of the control (P < 0.05). However, no significant difference was observed among the other treatments.
In this study, we observed increases in the lymphocyte count and, consequently, decreases in H:L ratios in the 800 or 1,200 ppb of organic Cr groups compared with the control group at 42 d. Toghyani et al. [10] reported that the H:L ratios decreased in broilers fed 1,000 and 1,500 ppb of chromium picolinate under heat-stress conditions. The H:L ratio has been accepted as a reliable index for determining stress in poultry [3, 21] . It has also been found that exposure of birds to heat stress results in an increase in the H:L ratio [1, 34] . Gross and Siegel [21] found that the number of heterophils increased in the blood of chicks fed corticosterone. The increases in lymphocyte counts and decreases in H:L ratios with organic Cr supplementation in heat-stressed chicks in the present study may be attributed to a decreased secretion of glucocorticoid. No significant difference was observed in the A:G ratios at 28 d (P > 0.05), but the A:G ratio was significant higher at 42 d for the 1,200 ppb of organic Cr group compared with the control and other groups (P < 0.01). The increase in the A:G ratio in the 1,200 ppb of organic Cr group observed at 42 d is similar to the results reported by Chang and Mowat [11] and Moonsie-Shageer and Mowat [12] in calves but is unlike the results reported by Toghyani et al. [10] for broilers. Chang and Mowat [11] and Moonsie-Shageer and Mowat [12] reported that the albumin level was increased with Cr supplementation. However, Toghyani et al. [10] did not observe this result. It is well known that Cr is involved in protein metabolism [35] . Chromium is thought to have a role in nucleic acid metabolism because an increase in the stimulation of amino acid incorporation into liver protein in vitro was observed [36] . The release of Cr from chromium picolinate for use in cells requires a reduction of the chromic center, a process that can potentially lead to the production of harmful hydroxyl radicals [37, 38] . It is expected that Cr might have effects on circulating proteins because of its role in protein synthesis [39] . The increase in serum albumin may be due to increased amino acid synthesis in the liver, suggesting that Cr may improve amino acid synthesis [12] . Schroeder et al. [40] reported that Cr plus insulin enhanced the incorporation of several amino acids into protein in rats.
The effects of Cr supplementation on serum cortisol and IgG concentrations are summarized in Table 3 . Serum cortisol concentrations were significantly lower (P < 0.01) at 28 and 42 d in the Cr-supplemented groups than in the control group. Similar to results of the present study, Chang and Mowat [11] and Moonsie-Shageer and Mowat [12] reported a significant decrease in blood serum cortisol in stressed calves fed a diet supplemented with Cr. In addition, Sahin et al. [41] found that Cr supplementation increased serum insulin concentration while markedly decreasing corticosterone concentration in laying hens at a low ambient temperature. This is a typical metabolic relationship between insulin (anabolic) and corticosterone (catabolic), in which they have opposite effects on metabolism. In contrast, Kegley et al. [42] and Arthington et al. [43] did not detect similar effects on cortisol levels. A Cr deficiency can disrupt the metabolism of carbohydrates and protein and reduce insulin sensitivity in peripheral tissues [44, 45] . Dietary Cr supplementation increased the insulin plasma concentration, indicating the physiological role of Cr in empowering the insulin to act as an insulin cofactor [41] . However, Sahin et al. [41] reported that dietary Cr did not affect plasma insulin concentration in pregnant rabbits but did affect plasma insulin in newborn and weaned growing rabbits in the thermoneutral zone. The authors also stated that Cr, as a cofactor in insulin activity, is necessary for normal glucose utilization.
The exact mechanism by which Cr enhances the immune system is not known. However, one consistently observed result is that Cr reduces serum cortisol levels. It is perhaps not surprising that a reduction in serum cortisol is one of the principal mechanisms by which Cr alleviates heat stress-related depression in immunocompetent broiler chicks. Cortisol, the most important glucocorticoid, is known to be immunosuppressive, inhibiting the production and actions of antibodies, lymphocyte function, and the leukocyte population [46, 47] . Serum IgG concentrations were significantly higher in treated groups than in the control group (P < 0.01). Serum IgG levels were significantly higher in T3 than in T1 and other groups (Table 3) . These results are in agreement with most experiments involving supplemental Cr. Our results are also similar to those observed by Uyanik et al. [48] , Kegley et al. [42] , and Toghyani et al. [10] . Uyanik et al. [48] reported that IgG and IgM titers tended to be higher in broiler chicks fed Cr supplementation in the form of CrCl 3 . Kegley and Spears [49] observed that total IgG was increased in stressed feeder calves receiving supplemental chromium nicotinate. In addition, Chang and Mowat [11] and Moonsie-Shageer and Mowat [12] reported that total IgG1 and IgM were increased after transport stress in calves supplemented with high-Cr yeast. Toghyani et al. [10] reported that serum IgG concentration increased in broiler chicks supplemented with Cr under heat-stress conditions. However, our findings differ from those of Kegley et al. [42] . They reported that total IgG was decreased with supplementation of chromium nicotinate in stressed calves. The effects of supplemental Cr on the weight of lymphoid organs are shown in Table  4 . Supplemental dietary Cr, particularly at the level of 1,200 ppb of Cr-l-Met, improved BW gain and weight of the lymphoid organs, but not significantly. The weight of the bursa of Fabricius were not significantly affected by Cr supplementation. The weights of the lymphoid organs were not affected in broiler chicks fed dietary treatments with different levels of supplemental Cr. Toghyani et al. [10] also reported that dietary chromium picolinate did not have a significant effect on the weights of the lymphoid organs in broiler chicks reared under heat stress. Chromium supplementation to various animal diets improved performance in some investigations [10, 41, 48] , but not in others [28] . Chromium supplementation increased the ratios of the bursa of Fabricius to the BW and liver [48] . Moeini et al. [50] showed that thymus and spleen weights were significantly increased by dietary Cr, whereas the weights of the bursa Fabricius and liver were not significantly affected by Cr supplementation. Means within columns with different superscripts differ (P < 0.05).
CONCLUSIONS AND APPLICATIONS
1. In this study, we demonstrated the beneficial effects of Cr supplementation on some blood parameters and on the immune response of heat-stressed broilers. 2. The greatest effects were noted with 1,200 ppb of supplemental Cr (vs. 800 ppb) and with Cr-l-Met (vs. CrCl 3 ). 3. Therefore, supplemental Cr at 1,200 ppb of Cr-l-Met can be used to alleviate some problems associated with heat stress in broilers. 
